Cancer remains a major threat to mankind, despite significant progress in the past decade in understanding, treating and preventing the disease. Since about 40% of found tumors are not resectable, they are usually treated by relatively "heavy" chemotherapy methods, which provide average survival for about 1 year even if multiple sequential chemotherapeutic regimes are used[@b1]. An ability of radio frequency (RF) radiation to heat human tissues is known for a long time, but after recent demonstrations of a local destruction of cancer tumors using invasive RF ablation it attracted renewing interest of scientists[@b2][@b3][@b4]. The RF ablation method results in successful partial necrosis of tumor, but turns out to be dangerous in many situations as the improvement of blood circulation under RF irradiation can provoke a further development of tumors[@b3][@b4], and is applicable only for a few organ sites (liver, kidney, breast, lung, bone)[@b2][@b3][@b4].

The efficiency of RF-based therapy can be significantly enhanced by using sensitizers, or properly designed absorbing agents, which are targeted into a tumor area (actively or passively), accumulate in it, and then absorb main RF radiation power to heat cancer cells and thus cause their selective destruction as schematically shown in [Fig. 1a](#f1){ref-type="fig"}. Such effect can be achieved by using electrically-conductive nanoparticles (NP\'s)[@b5][@b6]. According to a model proposed by Moran et al[@b6], such NPs can produce Joule heating through the RF-induced generation of local electrical currents over the NP volume. Gold NPs nanoparticles and carbon nanotubes were selected as candidates for these tasks providing a strong absorption of RF radiation even under relatively small concentrations of NPs of the order of 1 mg/mL[@b5][@b6][@b7][@b8]. In particular, an intense source of the RF radiation with frequency of 13.6 *MHz* and the power of 600 *W* induced the heating of suspensions of gold (Au) NPs with heating rate \~20 K/sec, which resulted in a considerable cell necrosis[@b6]. *In vivo* experiments with Au NPs, intro-tumoraly injected in rats and irradiated by RF waves at 35 *W* for 13 min, demonstrated a significant temperature increase and a thermal injury of the hepatoma tumor at injection sites, while the histopathologic assessment of tumor showed a widespread tumor cell disaggregation associated with the nuclear hyperchromatism, cytoplasmic retraction and areas of apoptosis and cell fragmentation[@b8]. However, there are major concerns in using Au NPs and carbon nanotubes for the hyperthermia therapy. In particular, despite its good biocompatibility, gold is not a biodegradable material and the injection of Au NPs in vivo can cause their long-term accumulation in the body[@b9] with unclear consequences. Then, having their absorption/scattering out the window of relative body transparency, Au NPs can hardly provide additional sensing, imaging or therapeutic functionalities as it takes place in cases of more complex gold-based nanostructures such as nano-shells[@b9] and nanorods[@b10][@b11].

Here, we report the effect of strong RF radiation-induced heating of semiconductor silicon (Si) based nanoparticles in aqueous colloidal solutions. Despite much weaker electrical conductivity of Si NPs compared to Au-based counterparts, these NPs manifest similar or better heating rates. We also demonstrate results of successful NPs-based hyperthermia treatment of Lewis lung carcinoma in vivo. We believe that the employment of Si NPs can bring decisive advantages over other inorganic counterparts for cancer treatment tasks. First, Si NPs are not only biocompatible[@b12], but also biodegradable as in biological tissue they normally decay into orthosilicic acid Si(OH)~4~, which is naturally excreted from the body through the urine[@b13]. Second, due to a series of unique properties, including room temperature photoluminescence[@b12][@b13], singlet oxygen generation under photoexcitation[@b14], infrared radiation--induced[@b15] and ultrasound-induced[@b16] hyperthermia, Si NPs can offer diagnostic[@b17][@b18] and alternative treatment modalities (e.g., Photodynamic Therapy[@b19][@b20]) that can be applied in parallel to the RF hyperthermia approach.

In our experiments, we tested two different types of Si-based nanostructures. First, we used NPs produced by mechanical milling of electrochemically-prepared porous silicon (see details in the Methods section). The advantage of the electrochemistry fabrication pathway consists in a fast and cost-efficient production of a large quantity of porous silicon-based (PSi) NPs having promising optical properties[@b12], although the surface of PSi NPs should be properly cleaned to remove residual contaminants after the fabrication procedure. As shown in [Fig. 2a](#f2){ref-type="fig"}, the electrochemically-prepared PSi NPs have a wide dispersion in size and shape: the size distribution contains a broad spectrum with the peak value at about 50 nm and a considerable portion of larger (several hundreds of nm) NPs. Second, we used Si-based NPs prepared by methods of femtosecond laser ablation in deionized water[@b21][@b22][@b23] (see details in the Methods section). The latter laser-ablative approach is unique in avoiding any residual contamination of the NP surface as a result of the synthesis in a clean aqueous environment in the absence of any toxic by-products. As shown in [Fig. 2b](#f2){ref-type="fig"}, the laser-ablated Si NPs (LA-Si NPs) have nearly ideal round shape with a much smaller mean size (25--30 nm) and a low size dispersion (less than 15 nm full width at half maximum). Electron diffraction patterns (insets of [Fig. 2a,b](#f2){ref-type="fig"}) show a periodic arrangement of reflections, evidencing the presence of crystalline structure of Si-based NPs. According to the FTIR spectroscopy data ([Figure S2 of Suppl. Information (SI)](#s1){ref-type="supplementary-material"}) and XPS data[@b23], the surface of freshly prepared PSi and LA-Si NPs is predominantly oxidized, with a certain amount of hydrogen still remaining on the PSi NPs surface. Such silicon oxide-related coverage of NPs is supposed to condition hydrophilic properties of their surface. The surface area of PSi NPs was found to be 450 m^2^/g, while the average pore diameter was about 4 nm ([Fig. S1a,b of SI](#s1){ref-type="supplementary-material"}). LA-Si NPs are obviously oxidized due to their interaction with water, although the level of oxidation can be controlled by dosing the amount of dissolved oxygen in deionized water environment during laser synthesis procedure[@b23]. For comparison, we also used Au NPs prepared by fs laser ablation in deionized water (LA-Au NPs) according to the recipe described in Refs. [@b21], [@b22] (see details of the fabrication procedure in the Methods section).

[Figure 2 c,d](#f2){ref-type="fig"} show typical time dependences of the temperature growth of PSi and LA-Si NPs suspensions, as well as of pure deionized water (for comparison), under the exposure in RF radiation with intensity of 5 *W/cm*^2^. As shown in the Figure, the heating rate of PSi NPs suspension having the concentration of \~1 mg/mL was about 10 K/min, which was much higher than the heating rate of deionized water (\~0.7 K/min). LA-Si NPs were even more efficient RF-radiation sensitizers as they provided a significant heating rate of 5 K/min at 20-fold lower concentration (0.05 mg/mL), while a remarkable heating effect (1.3 K/min) was visible even for ultra-low LA-Si NPs concentrations (0.015 mg/mL) ([Fig. 2d](#f2){ref-type="fig"}). Here, PSi NPs demonstrated a linear growth of solution temperature under the increase of irradiation time, while for LA-Si NPs the temperature growth rate slightly decreased after some irradiation time (\~3 min), but still remained reasonably high. The reason of such decrease of the heating rate for LA-Si NPs is not clear and requires further investigation. As one of possibilities, we can imagine a certain modification of surface chemistry or/and size of LA-Si NPs during the RF-induced heating process. For both types of NPs the heating rate was almost linearly dependent on NPs concentration, while LA-Si NPs demonstrated a higher heating rate compared to PSi counterparts for the whole range of NPs concentrations. It should be noted that the reference experiments with aqueous suspension of LA-Au NPs at concentration of \~0.05 m*g/mL* ([Figure S4 of SI](#s1){ref-type="supplementary-material"}) revealed the heating rate \~1.7 *K/min*, which is in agreement with the previously published results[@b6][@b7]. Thus, Si NPs suspensions exhibited similar heating rates (or higher in the case of LA-Si NPs) as Au NPs, which are widely used for hyperthermia applications. As shown in [Figure 3b](#f3){ref-type="fig"}, the heating rate for 1 mg/mL PSi NPs solution was linearly proportional to RF intensity even if the irradiation time was different (1, 2, 3 minutes).

The heating of NPs solutions can be characterized by considering the Joule\'s heat dissipation. According to the model proposed by Moran[@b6], NPs should exhibit sufficient electrical conductivity to efficiently absorb RF radiation. Here, according to an estimation given in Ref. [@b6], the Joule heating with rate above 10 *K/min* can be achieved in NPs suspensions with concentration of 1 *mg/mL* under RF irradiation with the intensity of 1 *W/cm*^2^ if the specific conductivity of NP material is higher than 10^−1^ *Ω*^−1^*cm*^−1^. However, this situation is not consistent with our case, as such high conductivity is hardly possible even for Si NPs produced from highly doped crystalline Si wafers[@b24][@b25]. Furthermore, our tests did not reveal any remarkable difference between the temperature growth rates for LA-Si NP suspensions produced from undoped and heavily boron-doped Si wafers ([Figure S6 of SI](#s1){ref-type="supplementary-material"}). Finally, as shown in [Fig. 3a](#f3){ref-type="fig"}, we did not observe any difference between temperature growth rates for low conductive Si and highly conductive Au NP of similar concentrations (the growth rate of Si NPs was even higher). In fact, it means that either there is an additional mechanism of RF radiation absorption, which is not related to conductivity of NPs material, or the mechanism is not linked to the material conductivity in both cases. The latter supposition is supported by the fact that electrical conductivity of NPs suspensions can depend on surface contaminations and surrounding ions[@b26] that was not taken into consideration in the above discussed conduction-induced model of the RF heating.

To explain the observed strong heating of weakly conductive Si-based NPs, we propose a novel model of current generation, which is illustrated in [Fig. 1b](#f1){ref-type="fig"}. According to this model, the Joule heating is due to local electrical currents around the NPs rather than to currents over the NPs volume. In the electric field of RF radiation the NP/solution interface is rapidly polarized at the time scale of the order of 10^−12^--10^−14^ *sec* and then an electrical double layer surrounding the NPs is formed[@b27]. In this case, the heating rate *S* can be estimated by considering the Joule heating in the electrical double layers: where *N* is NPs concentration, *W* is the heat power released per a NP, and *c* and *ρ* are the heat capacity and density of water, respectively. Since the RF voltage applied to a NP is proportional to the RF electric field strength and the NP size as *U \~ E·d* (where *d* is the diameter of NPs) and the electrical resistivity of the double layer *R* is also proportional to *d*, the heat power per NP can be derived as:

For a fixed mass fraction of NPs, concentration of NPs in suspension is determined as *N \~ d*^−3^. As a result, one can obtain from [Eq.(1)](#m1){ref-type="disp-formula"}, [(2)](#m2){ref-type="disp-formula"} the following scaling for the heating rate:

The dependence (3) explains very well the observed lower heating rates (normalized per mass of NPs) for PSi NPs, which are characterized by larger sizes compared to LA-Si-based counterparts ([Fig. 3a](#f3){ref-type="fig"}). It is important that the proposed mechanism is independent of bulk electrical conductivity of NPs that is in good agreement with our experimental data (see [Fig. 3a](#f3){ref-type="fig"}). In principle, this mechanism is somehow valid for highly conductive nanoparticles (Au, Carbon nanotubes) as well, but this situation may require an additional consideration of the Joule heating inside the NP volume.

To assess the potential of Si-based nanomaterials as sensitizers of RF-induced cancer therapy, we first examined the tolerance of PSi and LA-Si NPs for biomedical studies both in vitro and in vivo. The in vitro tests with solutions of both types of NPs of different concentrations did not reveal any toxicity issues that could affect the proliferation of cells (See details in Section 4 of [SI](#s1){ref-type="supplementary-material"}). The in vivo tests confirmed our supposition on negligible toxicity of the used nanomaterials. In particular, the examination of the blood content after intragastric in vivo administration of aqueous suspensions of PSi and LA-Si NPs into rats in dosages of 0.7 mg/kg and 4.9 mg/kg did not cause any statistically significant changes in blood levels of aminotrasferases, alkaline phosphatase, bilirubin and cholesterol (see details in Section 6 of [SI](#s1){ref-type="supplementary-material"}), which gave evidence for the absence of side effects. Finally, we carried out a series of mice viability tests using intravenous injection of PSi and LA-Si NPs (see details in Section 9 of [SI](#s1){ref-type="supplementary-material"}). The NPs were preliminarily covered by dextran to improve NPs transport in the blood stream and minimize immune response. Our experiments showed that the projected therapeutic doses of 10, 20 and 30 mg/kg of PSi and LA-Si NPs did not cause any side effects. This conclusion was made on the basis of analysis of the state and behavior of mice including local reactions and death. Furthermore, for LA-Si NPs we observed a significant increase of mice viability (by 20%) compared to mice from a reference group (see details in Section 9 of [SI](#s1){ref-type="supplementary-material"}), although the mechanism of this phenomenon is not yet clear and requires further investigation.

We finally carried out a series of experiments on the assessment of efficiency of RF radiation-induced treatment in biological models. In vitro studies using 3T3 cells revealed high efficiency of PSi and LA-Si sensitizers for RF therapy. The action of RF radiation on the cells, preliminarily loaded with Si NPs, led to drastic cell elimination with the survivor rate not exceeding 12% and 10% for PSi and LA-Si NPs, respectively, whereas the survival rate under the action of RF radiation alone was higher than 90--95% (see details in Section 5 of [SI](#s1){ref-type="supplementary-material"}). Finally, carried out *in vivo* tests on the hyperthermia-based treatment of cancer tumors using small animal model (see details in Methods section). 0.5 mL aqueous suspensions of Si-based NPs or equal volumes of sterile water were intratumorally injected and the mice were kept for 15--20 min prior to their RF exposure. Then the mice were immobilized and irradiated with RF for 2 minutes as shown in [Fig. 4a](#f4){ref-type="fig"}. [Figure 4b](#f4){ref-type="fig"} shows a histological image of the tumor performed 1 hour after the injection of Si NPs and [Fig. 4c](#f4){ref-type="fig"} shows the image of tumor at the 3-rd day after the RF-based treatment using PSi NPs as nanosensitizers. One can see that the cancer cells (visible as dark blue spots) experienced a substantial disaggregation after the treatment procedure. Results of the treatment were quantified by the evolution of the total volume occupied by tumor cells. Here, the inhibition of tumor growth was calculated using the following formula: where *V* and *V*~0~ are the averaged tumor volumes for the experimental and reference groups of mice, respectively. The positive value of inhibition indicates the inhibition of tumor growth, while the negative one signifies that the average volume for the exposed group of mice is larger than that for the reference group. As shown in [Figure 4d](#f4){ref-type="fig"}, PSi NPs themselves can slightly inhibit the tumor growth. This effect can be explained by the toxic effect of free radicals (dangling bonds) from the surface of Si NPs during the dissolution process. Similar slight inhibition of the tumor growth took place under the action of RF radiation alone ([Fig. 4d](#f4){ref-type="fig"}), which is consistent with previous studies[@b2][@b3][@b4]. However, our experiments showed that the combined action of PSi NPs and RF excitation could drastically amplify the effect leading to a much stronger inhibition of the tumor growth. Furthermore, as follows from [Fig. 4d](#f4){ref-type="fig"} and [Fig. S6 of SI](#s1){ref-type="supplementary-material"}, the efficiency of one time treatment was so high that the average volume of tumor at the 3-rd day after the combined action (*V* = 160 *mm*^3^) becomes smaller than that volume at the very beginning (day 0) of experiment (*V~0~* = 210 *mm*^3^). In fact, it means that even without any special optimization of the therapy procedure we achieved a partial elimination of the tumor. As follows from [Fig. 4d](#f4){ref-type="fig"}, laser-ablated NPs provided even more pronounced inhibition of tumor growth after the action of RF radiation (V = 130 mm^3^) and this effect was observed under much lower number and concentration of NPs (0.2 mL at 0.4 mg/mL compared to 0.5 mL at 1 mg/mL in the case of PSi NPs). Furthermore, we recorded quite different temporal evolution of tumor inhibition after the RF treatment using laser-ablated and PSi NPs sensitizers. Here, the maximal tumor inhibition for LA-Si NPs was observed much later (6--7th days compared to the 3rd day for PSi NPs). These data illustrate a different character of the interaction laser-ablated NPs with biological systems. It should be noted that laser-ablated nanoparticles present an essentially novel object, which is not yet completely studied. Detailed examination of properties of these NPs and their interaction with biological systems will be a subject of our future research. The efficiency of RF radiation-based therapy using PSi and LA-Si sensitizers was confirmed by mice viability tests. Indeed, in average we observed 20--25% increase of mice lifetime after the intratumoral injection of both NPs, followed by RF radiation-based treatment (see details in Section 8 of [SI](#s1){ref-type="supplementary-material"}).

The obtained results unambiguously show that Si-based nanoparticles can serve as efficient sensitizers for tasks of RF-induced cancer therapy, resulting not only in the inhibition of the tumor growth, but also in its elimination. We suppose that the observed effect can only be explained by local hyperthermia-based destruction of cancer cells due to the RF-induced heating sensitized by NPs. As shown in [Fig. 3a](#f3){ref-type="fig"}, the efficiency of heating by using Si-based sensitizers appears to be comparable or better than in the case of Au-based NPs. In real cancer treatment procedure, Si-based nanoparticles can be targeted actively, by using proper antibodies, or passively, profiting from the enhanced permeability and retention (EPR) effect consisting in natural capability of NPs to preferably accumulate in tumors[@b28]. Here, depending on type of tumor and concrete treatment task, one can select nanoparticles with proper characteristics (size, shape, surface oxidation) and additional functionalities (fluorescence etc). Laser-ablated NPs look especially promising for these tasks as they do not contain any residual contaminant on their surface[@b23][@b30], exhibit ideal round shape, controlled mean size and low size-dispersion contributing to their better delivery and uptake *in vivo*.

The greatest advantage of Si NPs over other inorganic counterparts consists in their potential biodegradability. Indeed, porous Si-based nanomaterials similar to ones used in our study are known to dissolve in biological environment and excrete from the body through the kidneys and not liver[@b13], which makes negligible possible side effects (if the surface of NPs is properly cleaned from toxic impurities). Similar biodegradability properties are expected from LA-Si nanoparticles. Such expectation is based on excellent dissolubility of LA-Si NPs in physiological solutions, as follows from our experiments on the control of size of LA-Si NPs by TEM and Raman spectroscopy (see details in Section 2 of [SI](#s1){ref-type="supplementary-material"}). Tests in biological environment to confirm the biodegradability of LA-Si NPs are now in progress. Another huge advantage consists in unique optical properties of Si NPs, which promises the involvement of additional imaging or therapeutic modalities. First of all, we can mention prominent fluorescence characteristics of Si-based nanomaterials. Indeed, PSi and other Si-based nanomaterials can exhibit strong fluorescence with quantum yield exceeding 10--15% in the near-IR region of relative tissue transparency (700--900 nm). Furthermore, this fluorescence is characterized by a much longer emission lifetime (5--13 μs) compared to emission signals from organic fluorophores or tissue fluorescence, which makes possible the development of efficient imaging modalities based on time-gated suppression of noises[@b18]. Finally, both PSi[@b14] and laser-ablated Si NPs[@b30] are known to efficiently generate an active form of oxygen (singlet oxygen) under photoexcitation, which promises the employment of photodynamic therapy (PDT) as a parallel cancer treatment channel[@b19][@b20]. Similarly, such parallel channel could involve other hyperthermia-based modalities based on heating of Si NPs by IR radiation[@b15] or ultrasound[@b16].

In conclusion, we introduced a novel cancer treatment modality using Si nanoparticles as sensitizers of RF radiation-induced hyperthermia. The hyperthermia effect was observed for Si-based nanoparticles produced by both milling of porous silicon and ultraclean laser-ablative growth and was explained by local currents in the electrical double layer near NP surface. In vivo experiments demonstrated that silicon nanoparticles excited by the RF radiation of relatively low intensity not only strongly inhibited the growth of carcinoma tumor, but also led to a decrease of tumor volume. Profiting from potential biodegradability of Si-based nanosensitizers and their prominent optical properties, the proposed RF radiation-based therapy approach looks extremely promising for hyperthermia or/and combined therapy of cancer. Notice that as the main objective of this study we see the demonstration of conceptual possibility for efficient treatment of cancer tumors using Si NPs as RF sensitizers. Next steps imply the optimization of RF-induced NPs heat release and the development of efficient cancer therapy protocols, which should obviously consist of several repetitive RF-based hyperthermia treatment steps using properly optimized parameters of nanoparticles (size, shape, concentration) and RF irradiation doses, in order to achieve a complete elimination of tumors. These studies are now in progress.

Methods
=======

Preparation of Si-based nanoparticles by electrochemistry routes
----------------------------------------------------------------

First, we formed PSi films by electrochemical etching (anodization) of heavily boron-doped crystalline silicon (c-Si) wafers having specific resistivity of 1--10 *mΩ·cm* in HF (48%):C~2~H~5~OH solution (1:1) at the current density of 60 *mA/cm*^2^ and etching time of 60 *min*. The PSi films were separated from c-Si substrates by applying a pulse of etching current with the current density of 600 *mA/cm^2^*. The as-prepared PSi consisted of 5--10 *nm*-sized Si nanocrystals and pores with diameter above 2 nm (mesopores)[@b29]. The porosity of as-prepared samples was about 70 ± 5%, as determined by gravimetric methods[@b29]. The porous silicon films were then milled in distilled deionized water by using a planetary mill FRITSCH "Pulverisette 7 premium line" and then centrifuged in an Eppendorf Centrifuge 5424 for 1 min at 2000 rpm. The size of PSi NPs was determined by using a transmission electron microscope (TEM) LEO912 AB OMEGA. The composition of surface coating of PSi NPs was studied with a Fourier-transform infrared (FTIR) spectrometer Bruker IFS 66 v/S. Before measuring FTIR spectra, the suspensions of PSi NPs were deposited on an ATR crystal, dried in air and then evacuated at 10^−3^ Torr.

Preparation of Si- and Au-based nanoparticles by methods of femtosecond laser ablation
--------------------------------------------------------------------------------------

Briefly, a Si or Au target was placed at the bottom of a glass vessel filled with 20 mL of deionized water (18.2 MΩcm). Radiation from Yb:KGW femtosecond laser (Amplitude Systems \[Pessac, France\], 1025 nm, 480 fs, 500 μJ, 1--5 kHz) was focused with the help of a 750 mm lens onto the target surface to provide the ablation of material[@b21][@b22][@b30]. The target was moved at a scanning velocity of 0.35 mm/s in the focusing plane to obtain identical surface conditions during the laser ablation, while the thickness of the water layer above the target was about 1 cm. Such ablation geometry normally leads to a grey and reddish coloration of the aqueous solution after 2--5 minutes of the experiment with Si and Au, respectively. As the second protocol, we employed methods of two step femtosecond laser fragmentation introduced in a previous study[@b23]. 10 mL of NPs solution prepared by the first protocol was transferred into a glass cuvette and irradiated, by a focused laser beam of the Yb:KGW femtosecond laser (using the same focusing lens), while the solution was stirred by a magnet to homogenize the ablation process. We used relatively low laser fluence (1 J/cm^2^) to avoid the phenomenon of laser-assisted plasma breakdown of the liquid, but the radiation intensity was high enough to ablate the suspended nanoparticles.

Methodology of RF experiments
-----------------------------

The RF heating was produced using a medical apparatus, which is commonly employed for the RF physiotherapy. The apparatus provided RF radiation with frequency of 27 *MHz* and maximal power up to 66 *W*. The apparatus contained a power source coupled to a pair of flat electrodes with diameter of 38 *mm* and variable distance between them. The RF electrical field strength between the electrodes was measured by using a metallic antenna connected to an oscilloscope (Agilent 54642A). RF radiation intensity calculated from the electric field strength was in good agreement with the RF power per the electrode surface area. Temperatures of aqueous suspensions of Si NPs and pure water (for comparison) were measured using an infra-red thermometer (AND DT-633) after switching off the RF generator. To investigate the RF heating process a 20 *mL* glass cuvette was filled with the aqueous suspension of NPs and it was centered between the RF electrodes spaced apart by 42 *mm*, allowing approximately a 6 *mm* air gap from both sides of the cuvette. The maximum concentration of NPs in suspensions was 1 *mg/mL*, which was estimated using a gravimetrical method. Then, 1 *mg/mL* suspension was diluted in distilled water to obtain different NPs concentrations. Prior to the RF exposure, the initial temperature of each sample was stabilized in a thermostat at 21°C. The heating rate was quantified by the value of *S = ΔT/Δt*, where *ΔT* is temperature increase after the RF exposure for time *Δt*.

Methodology of in vivo tests
----------------------------

*In vivo* experiments were carried out on lung carcinoma (3LL) tumors inoculated at the left hind paw of male mice of CBA line. The initial tumor volume before the RF treatment was about 210 ± 30 *mm*^3^. 0.5 *mL* aqueous suspensions of PSi or LA-Si NPs or equal volumes of sterile water were intratumorally injected and the mice were kept for 15--20 *min* prior to RF exposure. Then, the mice were immobilized and irradiated with RF (5 W/cm^2^) for 2 minutes. A reference group of mice without the RF irradiation was also studied. All experiments on animals were carried out at animal facilities of the Blokhin Cancer Research Centre (Moscow, Russia) in accordance with the Principles of Laboratory Animal Care (NIH publication No. 85--23, revised in 1985) and the European Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes (Strasbourg, 18.III.1986, revised by the amending protocol ETS 170). The use of experimental animals was approved by Scientific and Ethic committees of the Blokhin Cancer Research Centre.
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![Radio frequency (RF) radiation-induced hyperthermia using RF-absorbing Si nanoparticle-based sensitizers.\
(a) Schematic representation of the treatment procedure. The nanoparticles are first selectively accumulated in tumor cells through passive or active targeting. Then, they are heated by RF radiation causing a local increase of temperature and selective death of cancer cells, while adjacent tissues remain unaffected, (b) Distribution of electric field around a solid polarizable sphere immersed in a liquid electrolyte (water) during RF irradiation. A dipolar charge cloud is formed due to the ion movement in electrical double layer in response to RF-induced sphere polarization.](srep07034-f1){#f1}

![Si nanoparticles as nanosensitizers for RF radiation-induced hyperthermia.\
(a) TEM image (inset), electron diffraction pattern obtained in the "transmission" geometry (inset) and corresponding size distribution of porous silicon (PSi) nanoparticles prepared by mechanical milling of electrochemically prepared porous silicon; (b) TEM image (inset), electron diffraction pattern (inset) and corresponding size distribution of NPs prepared by laser ablation from a Si target in deionized water; (c) Temperature growth of an aqueous suspension of PSi NPs with concentration of 1 *mg/mL* (red curve) and distilled water (black) under RF irradiation with intensity of 5 *W/cm*^2^ versus the RF irradiation time; (d) the same dependence for laser-ablated Si-based NPs with concentration of 0.015 mg*/mL* (open green circles) and 0.05 mg/mL (closed green circles). Insets in panels (c) and (d) show glass cuvettes with the NP suspensions of PSi and LA-Si, respectively.](srep07034-f2){#f2}

![Assessment of heating rates in RF radiation-induced hyperthermia using nanosensitizers.\
(a) Heating rate of aqueous suspensions of PSi NPs with different concentrations (red circles), LA-Si NPs (green circles) and gold nanoparticles (black circles) under RF exposure at 5 *W/cm*^2^. Dashed lines represent linear fits of the experimental data. (b) Temperature increase of an aqueous suspension of PSi NPs with concentration of 1 *mg/mL* under its RF irradiation for 1 min. (squires), 2 min. (triangles), and 3 min (circles). Dashed line represents a linear fit of the experimental data.](srep07034-f3){#f3}

![*In vivo* assessment of the efficiency of RF radiation-based hyperthermia using Si-based nanosensitizers.\
(a) Schematics of the RF radiation-based therapy setup: (1) is a RF radiation source, (2) are the RF electrodes, (3) is a mouse having a tumor area. This Figure was created by the authors; (b) and (c) are histology images of a tumor area 1 h and 3 days after the PSi NP injection and RF-based treatment using PSi NPs as nanosensitizers, respectively. Cancer cells are visible as dark blue spots. Examples of agglomerations of PSi NPs in the cells are indicated by red arrows. (d) Inhibition of the tumor growth after the following treatments: the injection of Si NPs suspension without RF irradiation (black curve); 2 min treatment of tumor area by RF irradiation with the intensity of 2 W/cm^2^ (blue); injection of a suspension of PSi NPs (0.5 mL, 1 mg/mL) followed by 2 min RF irradiation treatment (red); injection of a suspension of LA-Si NPs (0.2 mL, 0.4 mg/mL) followed by 2 min RF irradiation treatment (green).](srep07034-f4){#f4}
